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Overview 
Synopsis of this lesson plan 
 
Topic: Geochronology – U/Pb Radiometric Dating  
Grade Level: 10-12 
Time required: 
 
his module, consisting of three activities, is initially designed for a 90min period. 
The activities can be taught either in sequence, as a supplement to your standard 
curriculum, or, though the parts are interrelated, as individual activity to support 
specific concepts in physical science and earth science. As a sequence, using a 
discussion based approach, each part can e extended to a 45min lesson. 
 
The following pages offer general suggestions about using these materials in the 
classroom; specific standards addressed can be found in the appendix.  
 
Content Objective: 
 
tudents will learn how scientists determine the ages of rocks using radioactive decay. 
They will be introduced to the concepts of half-life and decay rate, and use 
parent/daughter isotope ratios to calculate dates. 
Principal concepts:  Dates and Rates 
 
adiometric or radioisotopic dating is used to determine the age of rocks and 
minerals. Dates can then be used to determine when a specific geologic event 
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occurred, like a meteorite impact or a volcanic eruption. Multiple dates allow us to 
estimate rates of important processes, such as climate change, erosion and sediment 
accumulation, mountain building, and evolutionary change.   No Dates-No Rates 
 
Implementing the Module 
Goals of the Module 
The module is designed to help students develop the following  goals associated with 
scientific literacy 
- To understand a set of basic scientific principles   
- To recognize the correlation of scientific disciplines to gather an understanding 
of the earth and develop an understanding of the nature and methods of 
science 
- To recognize the role of science in society and the relationship between basic 
science and global concepts 
Conceptual Flow 
 
The module is organized in a conceptual whole that moves students from 
understanding the concept of radiometric decay to investigating how the theory can be 
used to determine the age of rocks in a simulated sample. 
In the first part, an initial discussion should pique students interest and activate prior 
knowledge, bevor completing the tables and graphs will  help students develop a better  
understanding of basic principles of radioactive decay. In the second part, students will 
be validating their gained theoretic knowledge by hands-on activities, modeling 
radioactive decay and using the generated graphs to estimate the “age” of a sample. 
They will understand that for measuring radioactive decay the ratio of daughter/parent 
isotopes is important. Integrating the concept of the mass spectrometer in the third 
part, students will realize that not the total amount of atoms is measured. They 
synthesize the developed concept of ratios by adding a known amount of tracer 
isotopes and using the ratios of these in small fraction of samples to determine the 
overall number of atoms without counting them all. Students simulate making and 
interpreting scientific measurements.  
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Correlation to Science Concepts 
 
The module supports teachers in their effort to reform science education following the 
National Research Council’s 1996 National Science Education Standards (NSES). 
The following table provides the correlation of the module to related fundamental 
concepts, the detailed principles that underlie each standard can be found in the 
appendix. 
 
Content Standards, grade 9-12  
Taken from National Science Education Standard 
http://www.nap.edu/openbook.php?record_id=4962&page=1 
 Standard A: Science as Inquiry: As a result of activities in grades 9-12, all 
students should develop understanding of  
 
Abilities necessary to do scientific inquiry 
Understandings about scientific inquiry: 
 
 
Standard B: Physical Science: As a result of activities in grades 9-12, all 
students should develop understanding of 
 
Structure of Atoms 
Structure and Properties of Matter 
 
 
Standard C: Life Science: As a result of activities in grades 9-12, all students 
should develop  understanding of 
 
Biological Evolution 
. 
 
Standard D: Earth and Space Science: As a result of activities in grades 9-12, all 
students should develop  understanding of 
 
Geochemical Cycles 
Origin and evolution of the earth system 
Origin and evolution of the universe 
 
 
Standard  E: Science and Technology : As a result of activities in grades 9-12, 
all students should develop  understanding of 
 
 
Understandings about science and technology 
  
 
 
Standard F: Science in Personal and Social Perspectives: As a result of 
activities in grades 9-12, all students should develop  understanding of 
 
 
Science and Technology in local, national ,and global challenges 
 
Standard  G: History and Nature of Science : As a result of activities in grades 
9-12, all students should develop  understanding of 
 
cience as a human endeavor 
Nature of scientific knowledge 
Historical perspectives 
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Module Context 
 
his lesson plan is intended to be compatible with any earth science curriculum.  It 
illustrates how radioisotopic dating changes our understanding of important events 
in earth history and how we calibrate the geologic time scale. The exercise can be 
modified to compare the relationship between relative geochronology (e.g., 
superposition, cross-cutting relationships, index fossils and biostratigraphy, etc.) and 
absolute geochronology (e.g., U/Pb, radiocarbon, dendrochronology, etc.). 
Important concepts (for specific listing, see table 1) from physics and chemistry 
(atomic structure, isotopes, radioactivity) as well as geosciences (planetary 
development, plate tectonics, climate change) and biology (paleontology, evolution) on 
which this exercise depends will be utilized and reinforced. This in turn gives students 
insight in the multidisciplinary nature of earth science. 
Context Examples: 
 
AP Physics (B) 
Atomic and nuclear physics, including making and interpreting scientific 
measurements. It is possible to extend this exercise with a discussion of the 
mathematics of isotopic decay as well as the estimation of measurement uncertainties.  
 
AP Chemistry 
The activities in this module provide a broad application of concepts from part 
1:Structure of Matter, focusing on a) atomic theory and c) nuclear chemistry. 
 
AP Biology: 
AP Bio Lab 8  “Population Genetics and Evolution”, can be expanded on with 
the concepts of early earth, synthesis of organic compounds, radiometric dating, 
geologic time (and leading to extinctions, prokaryotic/ eukaryotic evolution, 
endosymbiotic theory, oxygen explosion etc). 
 
 
 
 
T 
  5 
 
  
 
. 
 
 
Outline of Activities: 
 
here are three interrelated parts in this exercise and each builds upon the acquired 
knowledge from the previous one. Students may work in groups (preferably 3 
students per group). 
Part 1: The Concept of Half-life  
 
art 1 introduces the fundamental concepts of radioactive decay and the definition 
of half-life through worksheets and graphs, and connects the ratio of daughter to 
parent atoms to the determination of a date. The students complete a worksheet and 
several graphs in addition to a page of questions. 
Part 2:  Ratio measurement:  A hands-on age determination 
exercise 
 
eochronological determinations utilize isotopic ratios and not the absolute 
numbers of atoms. Part 2 illustrates this by using two sided discs to simulate 
parent and daughter isotopes; students then calculate a date for their “sample” and that 
of another group’s, using graphs from part 1. 
 
Part 3:  Ratio measurement:  A hands-on isotope dilution 
exercise  
 
his part illustrates the principle of isotope dilution and its application to 
geochronologic analysis.  Here, a short description of mass spectrometry can be 
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inserted along with the idea that the total process of separating parent and daughter 
elements from a mineral and their subsequent ionization in a mass spectrometer is 
inefficient.  We end up analyzing only a small fraction of the total number of atoms, so 
we need a way of keeping track of the total number of parent and daughter atoms 
contained in a mineral without counting them.  Isotope dilution is best explained as a 
means of atomic bookkeeping and is used to estimate the absolute quantity of atoms in 
a mixture without counting every atom. All students add a known number of blue 
(“tracer”) beads to a large and unknown number of beads of various colors and mix 
them well.  Small groups of students then take scoops of the mixture of the mixed 
beads and simulate a mass spectrometer by separating the beads into the different 
colors and determining the ratio of each color bead to those of the tracer.  By 
calculating mean ratios across all the groups and multiplying by the known number of 
tracer beads, they determine the total number of beads in the original mixture.  
 
Teacher Background 
 
hat is radioisotopic dating? What physical principles are used to obtain a 
radioisotopic date? These or similar questions are good to initiate a discussion at 
the beginning of your lecture session. 
A half-life is the amount of time it takes for one-half of the original (parent) isotope to 
decay to the (daughter) isotope, which is often a new element. Different radioactive 
isotopes have different decay rates. The decay rate is expressed in terms of half-lives. 
Decay rates of different elements range from seconds to billions of years. Half-lives of 
elements have been determined through the work of scientists in laboratories.  
Many students may have heard of one or two methods of radioisotopic dating, such as 
radiocarbon or potassium-argon dating; the general theme to develop is that the 
process of radioactive decay is common to all of them. Depending on the age of the 
rock or mineral and its composition, geochronologists use different parent-daughter 
pairs with different rates of decay (e.g. carbon for young organic material, U-Pb for 
older geologic materials). Other radioactive elements used to date rocks besides 238U 
and 235U are 40Ar (Argon), 14C (Carbon), 40K (Potassium), and 87Rb (Rubidium). 
 
One way to tell time is by using an hourglass, where sand grains move from one 
location to another at a constant rate.  If we know how fast the sand falls from the top 
to the bottom, we can calculate elapsed time by counting grains.  In contrast to the 
linear behavior of the hourglass, radioactive decay is exponential. If you define the 
probability of any given atom decaying as a number between 0 and 1 (instantaneous 
decay vs. a stable isotope), then you can express a decay constant as the probability that 
a particular atom will decay in a given time. A decay constant of 0.1/year is a good 
example: if you start with 100 radioactive atoms that means that on average we can 
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expect 10 atoms or 10% to have decayed by the end of the first year; 9 (10% of the 
remaining 90) at the end of the second year; 8 (10 % of the remaining 81) at the end of 
the third year…etc.  Mathematically, the half life is the natural logarithm of two divided 
by the decay constant. 
Radiometric dating can be used for a variety of rock types and ages.  The suitability of 
an isotopic system (like U-Pb or K-Ar) is determined by two factors: how much of the 
parent isotope is in the system to begin with, and its half life.  If the rock or mineral 
contains enough parent isotope to measure and amount of time elapsed is close to the 
half life (say, between one tenth of a half life and ten half lives), then the isotopic decay 
scheme may be used to measure an age.  In geology, using the U-Pb system to date 
igneous rocks or minerals determines the amount of time that has passed since they 
formed 
The mineral zircon (chemical formula ZrSiO4) is commonly used for U/Pb 
radiometric dating. Uranium will sometimes be a substitute for zirconium as the 
ions of both elements have the same charge (+4) and are similar in size. This is 
how uranium can get into the zircon crystal structure during crystallization. 
When 238U and 235U  are first incorporated into the structure of zircon 
during crystallization, there is no lead in the crystal. Scientists know that 
lead atoms will not fit into the crystal lattice. Any lead found in a zircon 
crystal is a product of uranium decay. The parent isotope 235U decays to 
207 Pb, and the parent isotope 238U decays to the daughter isotope 206Pb 
Please see our Further readings section in the Appendix for more information or 
contact Prof. Samuel Bowring with any questions you may have. 
 
Required Materials for this Module: 
 
• prepared worksheets (note: 2 slightly different sheets; see attached)  
• chips with parent and daughter isotopes on each side  
• beads, 3 or 4 different colors (≥1500 beads  is ideal.)  
• one large bowl to mix beads  
• calculators  
• white board for sketching results (or a computer with PowerPoint and 
projection capability)  
   
Estimated cost for materials: A kit for the exercise is available from EARTHTIME for 
free (beads, bingo chips, mixing bowl and measuring cup). 
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Objectives of the Module 
Detailed assessable objectives: 
Students will:  
• work in learning groups and learn the value of teamwork  
• complete a table from given initial values  
• plot calculated values on labeled graphs and interpret the graphs qualitatively 
and quantitatively  
• use the ratio of daughter to parent isotopes to determine dates, and learn that 
these daughter to parent ratio is independent of the initial number of parent 
atoms  
• combine independent measurements of a physical quantity and explore its 
random variability 
  
Activities 
 
Part 1:  Understanding Half-life   
Introduce the topic of radioactive decay.   
Preparations/Materials 
- Copies of  worksheets (see attached, note: 2 slightly different versions) 
- Optional: Overhead projection or PowerPoint presentation with graph 3: 
“daughter/parent vs. time”, see notes 5 below (can be taken from teacher 
solutions (see attached)) 
Teaching Instructions 
 
- Possible intro to pique students interest: Show a picture of a rock formation, 
e.g. the Grand Canyon: Point to one of the layers, and ask how old the rock is. 
- Optional: Introduction to the module could be a session about the history of 
dating the earth. 
- Lead students to a discussion where they come up with the geological concepts 
of time (relative and absolute time, depending if these were topics in previous 
lessons) 
- Lead student to the final agreement, that to determine an absolute age 
geologists use radiometric dating methods, e.g. Radiocarbondating or 
Uranium/Lead.  
- Activate pre-knowledge about radiometric dating: briefly discuss the concept 
of radioactive decay  
- Explain students that they will deepen their understanding of radioactive decay 
with the following exercises. 
- Hand out worksheets and have students work in groups of 2 - 5 (Worksheets 
and solutions can be found in the Appendix).   
Chapter 
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- Explain to the students that they are working with half-lives. The worksheets 
specify the number of half-lives across columns and an initial number of 
parent atoms in the first cell of the table.   
- Let students fill out the table. Point out that when they carefully read trough 
the table and think logically they should be able to complete the table in less 
than 5 minutes (see note 4 below) 
- For the last row, remind them that 1 half life is 704 million years, how much 
time should have passed after 2 half lives (1408my) etc. 
(Notes) 
- After finishing the table, students should graph their results in three 
graphs:  one plot should show the change in number of parent atoms over 
time, one the change in number of daughter atoms over time and the third the 
change of the daughter to parent ratio over time.  
- Have the students qualitatively consider what the first two graphs should look 
like before they do the plotting.  (Talking Point:  Is the number of parent or 
daughter atoms decreasing or increasing with time, how would this be 
represented in the curve, and is this number changing fastest at the beginning 
or the end?).  Remark that the x-axis in all three graphs represents time, and 
the units are in billions of years (not half-lives).  
- Briefly discuss the first two graphs.  The first graph shows an initial rapid 
decrease in the number of parent atoms with time, with the slope decreasing 
with time. This is exponential decay.  The second graph is the complement of 
the first - the number of daughter atoms increases rapidly at first, then more 
slowly with time.  If you were to plot the two lines on top of one another, they 
would cross when there are as many parent atoms as daughter atoms, at a time 
equal to the half-life.  
- The third graph shows the increase of the ratio of daughter to parent atoms 
with time.  
 
Notes:  
 
1. There should be two or more different worksheets, starting with different 
numbers of parent atoms. Different groups should not know that other 
groups have worksheets with a different number of parent atoms, because the 
ultimate point is that the daughter/parent ratio, as a function of half-life, is 
independent of the number of initial parent atoms.  For the worksheets 
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appended to this exercise, one starts with 128 parent-isotope atoms, and one 
with 96.   
2. Depending on your students, you might want to go through the first columns 
of the table to make sure they have the right idea before students start filling in 
the worksheet.  If possible, this should be done by helping the groups 
separately while they work on their tables, so you can avoid telling them that 
different groups have different initial numbers of parent atoms.  
3. Point out that the spreadsheet asks for the ratio of daughter- to parent-isotope 
atoms and remind the students that the ratio is asking for the daughter atoms 
to be in the numerator.  This is important for plotting the graphs later.  
4. As a helpful tip, and a way of encouraging students to check their work, 
remind your students that the total number of atoms in each column (the total 
of parent- and daughter- atoms) always stays the same.  This is because each 
parent atom of U decays to one daughter atom of Pb.  
5. The graph of the “daughter/parent vs. time” should be projected.   Either 
prepare two overlays with the ratio vs. time grid on it ahead of time, or have 
two groups of fast students (from groups with different numbers of initial 
parent-isotopes) plot their data on the overlays.  Alternatively, you could 
prepare to show the plots using PowerPoint.  In either case, be sure to 
emphasize that the ratio graphs are identical, even though the groups started 
with a different number of parent isotope atoms!  To clarify this, you can also 
write a table on the board where students plot their different starting numbers 
and the ratios 
 
Extension:  
If you have particularly sharp students, they may ask about the mathematical 
formulation of the daughter/parent isotope relationship, and you can extend the 
discussion of the ratio vs. time graph and develop the exponential decay equation,  
 
eP tP = 0  
 
(P is the number of parent atoms at a given time; P0 is the initial number of parent 
atoms;   is the decay constant; t is the elapsed time).  Substituting P0 = D + P, 
where D and P are the number of daughter and parent atoms after time t, the first 
equation can be solved for D/P:  
1= e tP
D
 
 
The number of daughter atoms does not grow exponentially (D asymptotically 
approaches P0), but the daughter to parent ratio D/P does.  This relationship is 
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general and applies to all radioactive decay systems.  For different systems, the 
value of   changes, making decay systems applicable to somewhat different ranges of 
geological time.  
 
Part 2:  Ratio measurement and age determination  
 
 
Preparations/Materials 
- Completed worksheets from part 1  
- Optional: graph 3 (overhead/projected) 
- 100 chips with parent (U) and daughter (Pb) isotopes on each side 
Teaching Instructions 
 
In this exercise, students “create” dates using the two-sided chips as a model for parent 
and daughter isotopes.  
- Explain that students are going to work again with the decay of the parent 
isotope 235U to the daughter isotope 207Pb. One side of each chip represents the 
parent isotope atom, while the other side represents the daughter isotope 
atom.  By flipping a chip from U to Pb, the students can model radioactive 
decay.  
- Each student group should get 20 to 30 two-sided chips. Have the students 
create ratios by flipping the chips over.  Each group can pick a U/Pb ratio for 
their sample, and flip over the chips to achieve that ratio.  
- Ask student to determine the age of their sample once they figured out their 
ratio. If they need help, hint that they should use the daughter/parent vs. time 
plot.  This is an exercise in reading graphs - students estimate an age by finding 
the ratio on the y-axis, and then tracking parallel to the x-axis until they 
intersect the curve they plotted in Exercise 1.      
 
- You can point out that it's easiest to determine the age from their graph of 
daughter/parent vs. time if a significant amount of decay has taken place--if 
the daughter to parent ratio is relatively high.  This simulates measuring a 
U/Pb ratio and determining the age in a sample measured today.  
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-  Alternatively, you can select the ratios you want the different groups have.  
Given these ratios, each group should then figure out how to determine the 
age of their “sample.”  
Extension: 
 
Depending on time, the groups can exchange ratios and repeat the age-determination 
process for several daughter/parent values.  In addition, if time allows, the exercise can 
be used to discuss how sensitive the age determination is to the daughter/parent value.  
Early in the decay history, there is little of the daughter isotope and a small error in the 
daughter atom measurement results in a large change in the calculated age.  Conversely, 
after several half-lives there is little of the parent left, and relatively large changes in the 
ratio produce relatively small changes in the calculated age.  This discussion can be 
extended to include the concept of uncertainty in ratio measurement, and the effect of 
this uncertainty on the calculated age.     
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Part 3:  Ratio measurement and isotope dilution (20-25 min) 
 
Materials/Preparations 
 
- beads, 3 or 4 different colors (≥1500 beads  is ideal, provided in the 
EARTHTIME kit  
- one large bowl to mix beads  
- cups for students to collect a “sample” 
- white board to compile data, or ideally: computer with the EARTHTIME 
Excel sheet(downloadable from website), projected 
- optional: calculators  
Prepare the bowl with 2 or 3 different colors of beads (you should know the number 
of each color!), leaving one color (this will be the tracer, for the EARTHTIME kit this 
would be the blue beads) out. Mix the other beads well. 
 
Isotope dilution: Explanation for teacher 
 
n geochronology, one must develop a bookkeeping method for parent and daughter 
isotopes because every step of the process of separating and measuring parent and 
daughter isotopes is not perfectly efficient.  We cannot measure every atom we started 
with, so we use a technique called isotope dilution.  The technique is conceptually 
simple: we add to our sample a precisely determined number of atoms of a tracer 
isotope.  Often these tracer isotopes are not present in the sample and in some cases 
do not occur in nature. In practice, this is done by adding a precise amount of solution 
of the tracer isotope with a precisely known concentration.  Once it is added, the ratio 
of the naturally occurring atoms to the tracer atoms remains the same - no matter how 
much of the mixture we lose along the way.  If an analyst has a mixture with five 
isotopes of Pb (4 naturally occurring and one artificial), for example, the ratios of tracer 
to other isotopes never changes during chemical processing because all isotopes of Pb 
are chemically identical. The number of naturally occurring atoms can be determined at 
the end of the analysis by multiplying the known number of tracer atoms by the 
measured ratio of naturally occurring to tracer atoms. 
In this exercise, students will model measurement of isotope abundances using 
different colored beads.  As in the previous section, students learned that ratios come 
to the rescue when we don’t know absolute abundances.  For measuring the isotopes 
of Pb or U, this is in part because we lose atoms during chemical processing.  
However, it is also much easier to measure ratios than absolute abundances with a 
mass spectrometer.  A mass spectrometer works by ionizing Pb or U (one at a time), 
then accelerating the ions toward a magnet under high vacuum.  The U and Pb are 
I 
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loaded as neutral species (i.e. no charge) but have an electron stripped from them to 
make them a positively charged species, Pb+.  One they are ionized, the magnetic field 
bends the flight paths of the ions, deflecting the lighter isotopes more than the heavier 
isotopes.  The separated beams of ions are individual streams of charged particles; each 
is its own small electric current, and is measured as such by sensitive detectors.  We 
can’t be sure that all of the elements ionizes (in fact, only a small percentage of it 
usually does, around 5% for Pb), but we can assume that each isotope ionizes in 
proportion to its abundance.  Thus, the ratios we measure are representative of the 
sample.  If we mix tracer atoms into both our Pb and U samples, we can then 
determine the absolute number of U and Pb atoms we started with, and calculate a 
date, as in parts I and II.   
Teaching Instructions 
 
- Place the bowl with with the well-mixed, red and clear beads (excluding the 
blue beads) in front of the class.   
- Ask the students how they could measure (not guess!) the number of beads 
without counting them all.  If they imagine that the beads represent billions of 
atoms of the different isotopes of uranium or lead, it becomes obvious that it 
would be impossible to count them all.  
- Hold up the bag with the blue beads and have students guess, or tell them how 
many they contain. 
- Challenge them to think about how this could help them determining the 
number of clear and red beads in the bowl. 
- If they need help, ask how measuring ratios could help in measuring the total 
number of beads.  Develop the idea that, by adding a small, known number of 
blue beads (representing a tracer isotope) to the whole bowl, mixing them 
together, and then measuring the ratios of the unknown beads to the blue 
beads in a small sample, we can make a measurement of the total number of 
beads.   
- Have one group count the blue beads before they are mixed with the rest (or 
tell them the number of the blue beads), then mix them together.  
- Each group should then take a sample of beads using the measuring cups 
provided, separate the isotopes (as a mass spectrometer would), and determine 
the ratios of clear to blue beads and red to blue beads. 
-  Compile the ratios from each group of students into a table on the board or 
the Excel workbook posted on the EARTHTIME website.  The following 
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instructions use the Excel workbook, but the calculations can be done 
manually as well.   
 
Excel Workbook Instructions 
 
A blue box on the right side of the workbook calculates the mean, standard deviation, 
and standard error for the red/blue and clear/blue ratios.  If a large number of samples 
are taken (more than 10-15), the histogram will begin to take the shape of a bell curve, 
otherwise known as a normal distribution.  This is the shape you’d expect if you 
combine many independent measurements that vary randomly - like the number of 
red, blue, and clear beads in a small sample, or the standardized test scores for an entire 
school. 
From the mean value for each ratio, the students can calculate the original number of 
red and clear beads (total amount of blue beads multiplied by the red/blue or 
clear/blue ratio), and thus measure the total number of beads.  Point out that this 
measurement is an estimate, and that the range of ratios between different groups can 
be used to estimate the uncertainty of the measurement.  The standard deviation 
describes the variability in the ratio measurements - the more variable, the higher the 
standard deviation.  For a large number of measurements, 95% of the measured ratios 
will fall within two standard deviations of the mean.  The standard error is the standard 
deviation divided by the square root of the number of measurements.  This number 
describes how well we know the mean - knowledge that improves after each 
measurement.  Nineteen times out of twenty, the mean ratio you measure will be 
within two standard errors of the true value.  After students have calculated these 
numbers, tell them that this is the principle that scientists use to measure isotopes in a 
mass spectrometer: the mass spectrometer repeatedly measures ratios, not the total 
abundance of atoms.  As the number of ratio determinations increases, the uncertainty 
of the average ratio decreases; for most measurements, the number of ratio 
determinations can be adjusted to achieve a pre-determined level of precision.  The 
histograms in the workbook will populate as the measured data is entered.  As a large 
number of measurements are compiled, the histogram will approach a normal 
distribution, with the highest bar corresponding to the mean of the analyses.  
 
 
Notes: 
 
1. In practice, the initial bowl of beads should contain beans of 2 or 3 colors only 
– it is hard to keep track of a larger number of colors.  
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2. The initial mixture of beads should not include any beads of the same color as 
the tracer beads. It is best if the total number of beads in the initial mixture is 
exactly known (i.e., the teacher or a teaching assistant should count the beads 
of each color separately; this is part of set-up for this exercise), so that each 
mean ratio and its uncertainty can be compared to the true ratio.  
3. This exercise works poorly if the total number of beads is less than about 
1500, if the beads are not well-mixed, and if the individual groups have 
samples of beans smaller than about 200.  In all cases, the issue is that we are 
dealing with the statistics of small numbers:  a single red bead added to or 
removed from a small sample will produce a large change in the measured 
ratio.  Averaging the measured ratios over many student groups helps to 
reduce the uncertainty.  In reality, the mass spectrometer, under computer 
control, makes 100 or more ratio measurements with thousands to millions of 
atoms per ratio, so that a precise measurement is made.   Perceptive students 
might ask how this method could work if the original bowl of beads already 
contained some of the red beans we used as a tracer.  In practice, this can be a 
concern:  in some cases, the tracer isotope is also a naturally occurring isotope.  
There are two approaches to this problem.  Isotope ratios in the natural 
sample, without the tracer, can be measured directly; this measurement doesn’t 
give any abundance data, but when combined with a second measurement on 
a sample with the tracer, the difference in the ratios of “spiked” and 
“unspiked” samples yields the measurement of the naturally occurring 
abundances.  A second approach is to take identical samples of the naturally 
occurring material, and to add known, but different amounts of the tracer to 
the samples.  By plotting appropriate ratios of tracer isotope to naturally 
occurring, non-tracer isotopes, and the abundance of the naturally occurring 
tracer isotope can be calculated:  this is similar to the isochron method of 
dating, and is common practice in analytical chemistry (the method of standard 
additions).   
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Extensions: 
 
• can be followed by a project about the history of dating the earth  
• combine with relative dating: fossils and cross-cutting relationships, bracketing 
layers that can’t be dated 
• Notes on developing context:  determining rates from dates 
• Notes on other isotopic systems (other than U/Pb) 
• Notes to the Instructor:  Pitfalls and Extensions 
• Discussion of assumptions, uncertainties 
 
 
 
EARTHTIME educational website  
http://www.earth-time.org/overview.html 
contains the following resources: 
- Determining the Age of Things – videoclips 
- How do we measure time – posters 
- How do we measure time curricula – educators manual for level 5-8, 9-10 
- Time scales 
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Further Reading/Websites 
 
Introduction to dating methods – foundational concepts 
http://paleobiology.si.edu/geotime/main/foundation_dating1.html 
 
USGS radiometric time scale 
http://pubs.usgs.gov/gip/geotime/radiometric.html#table 
 
Tour of geologic time 
http://www.ucmp.berkeley.edu/exhibits/geologictime.php 
 
Geologic time – the story of a changing earth 
http://paleobiology.si.edu/geotime/main/ 
 
History of the Geologic Time Scale 
http://www.ucmp.berkeley.edu/exhibit/histgeoscale.html 
 
Zircon Chronolgy 
http://www.amnh.org/education/resources/rfl/web/essaybooks/earth/cs_zircon_ch
ronolgy.html 
 
Exercise for relative and absolute dating 
http://www.ucmp.berkeley.edu/fosrec/McKinney.html 
 
A relative dating activity 
http://www.ucmp.berkeley.edu/fosrec/BarBar.html 
 
  
Appendix 
 
Science Content: Correlation to related fundamental concepts 
and their underlying principles 
 
 
Chapter 
3 
Standard A: Science as Inquiry: As a result of activities in grades 9-12, all 
students should develop understanding of  
Abilities necessary to do scientific inquiry 
- Identify questions and concepts that guide scientific investigations. 
- Design and conduct scientific investigations. 
- Use technology and mathematics to improve investigations and 
communications. 
- Formulate and revise scientific explanations and models using logic and 
evidence. 
- Recognize and analyze alternative explanations and models. 
- Communicate and defend a scientific argument. 
Understandings about scientific inquiry: 
- Scientists usually inquire about how physical, living, or designed systems 
function.-Scientists conduct investigations for a wide variety of reasons. 
- Scientists rely on technology to enhance the gathering and manipulation of 
data. 
- Mathematics is essential in scientific inquiry. 
- Scientific explanations must adhere to criteria such as: a proposed explanation 
must be logically consistent; it must abide by the rules of evidence; it must be 
open to questions and possible modification;and it must be based on 
historical and current scientific knowledge. 
Results of scientific inquiry - new knowledge and methods - emerge from 
different types of investigations and public communication among scientists. 
 
Standard B: Physical Science: As a result of activities in grades 9-12, all 
students should develop understanding of 
 
Structure of Atoms 
- Matter is made of minute particles called atoms, and atoms are composed of 
even smaller components. These components have measurable properties, 
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Pre-Knowledge:  Chemistry and Physics Vocabulary 
 
Atomic Number 
The number of protons in the nucleus of an atom.  Each element is uniquely identified 
by its atomic number. 
Mass Number  
The sum of the number of neutrons and protons in the nucleus of an atom. 
Nucleus  
The small “core” of the atom, where most of its mass and all of its positive charge is 
concentrated. Except for ordinary hydrogen (which has only a proton), atomic nuclei 
consist of protons and neutrons. For this reason, protons and neutrons are also called 
nucleons. 
Isotopes  
Two or more atoms of an element that have different mass numbers.  Isotopes of the 
same element will, by definition, have the same number of protons in their nuclei but 
can vary in the number of neutrons.  Since neutrons do not carry any charge, adding or 
subtracting them from the nucleus of an atom only affects the mass of the atom.  
Isotopes of an element will have identical or closely related chemical properties.  
Naturally occurring chemical elements are usually mixtures of isotopes; the observed 
atomic weights (those shown on the period table) reflect the average value for the 
whole mixture. 
Ion  
A positively or negatively charged atom or molecule.  There are two kinds of ions, 
anions and cations, which are named for the sign of the net charge.  Anions have 
gained one or more electrons, giving them more negatively charged electrons than 
positively charged protons, for an overall negative charge.  Cations have lost one or 
more electrons, so they have more protons than electrons and an overall positive 
charge. 
Nuclide  
A general term referring to all known isotopes of the chemical elements.  There are 279 
stable nuclides and approximately 2700 unstable nuclides.   
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Radioactive decay  
Atoms that have too many neutrons in their core can become unstable. Large unstable 
atoms can become more stable by emitting radiation. Radioactive decay is the process 
in which an unstable atomic nucleus loses energy by emitting radiation in the form of 
particles or electromagnetic waves.  This radiation can be emitted in the form of a 
positively charged alpha particle, a negatively charged beta particle, or gamma rays; 
often it is a combination of these three. Many isotopes must undergo several steps, 
forming a decay-chain, to transform each parent nuclide into a stable daughter nuclide. 
Radioactive decay is a random process on the atomic level, in that it is impossible to 
predict when a particular atom will decay, but the average decay rate for a large number 
of the same isotope is predictable. That is, we cannot predict when a specific atom will 
decay, but after one half-life half of the atoms will have decayed into a daughter 
nuclide.  
Radioactivity  
Radioactivity is the spontaneous emission of radiation (generally alpha or beta particles, 
often accompanied by gamma rays) from the nucleus of an unstable isotope.  
The term is also used for the rate at which radioactive material emits radiation. It is 
measured in units of becquerels, or disintegrations per second. 
Radioisotope (Radionuclide)  
An unstable isotope of an element that decays or disintegrates spontaneously, emitting 
radiation. Approximately 5,000 natural and artificial radioisotopes have been identified. 
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Worksheets 
Understanding Half-Lives and Radioactive Decay 
 
Instructions:  Fill out the table using what you know about half-lives.  For the 
last row use the half-life of 235U: t 1/2 =704 mi l l i on years .  
 
Now sketch three plots: Graph 1 
 
t ½   Half lives 0 1 2 3 4 5 
P: Number of 
parent isotopes 96     
 
 
Percentage of P0 
Remaining 100%      
D: Number of 
daughter isotopes 0      
Total Atoms: 
P+D 96      
D/P Ratio 0      
Time since 
formation 
(millions of yrs) 
0       
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Question Samples for Theoretical Part 
 
Using your graphs, answer the following questions: 
 
235U decays to 207Pb. What is the half-life of 235U?____________________  
How many years have passed after 4 half-lives of 235U?  __________________  
What is the ratio of daughter to parent atoms after 4 half-lives? 
  __________________  
After how many half-lives will the number of parent atoms be equal to the number of 
daughter atoms? _________________  
After how many half-lives will the number of parent atoms be exactly three times the 
number of daughter atoms? _______________________  
What percentage of parent atoms will be present after 5 half-lives? _______________  
How many years have passed when 6.124 % of the original 235U  remains? ________  
What percentage of the 235U has decayed to 207Pb after 1.5 billion years? 
____________________  
A sample contains 1.67 times more 207Pb than 235U.  How old is the sample? 
_____________________  
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Teacher Solutions 
Understanding Half-Lives and Radioactive Decay 
 
Instructions:  Fill out the table using what you know about half-lives.  For the 
last row use the half-life of 235U: t1/2 =704 million years. 
Half Lives 0 1 2 3 4 5 6 
P: Number 
of parent 
isotopes 
128 64 32 16 8 4 2 
Percentage of 
P0 
Remaining 
100% 50% 25% 12.5% 6.25% 3.125% 1.5625% 
D: Number 
of daughter 
isotopes 
 
0 
 
64 
 
96 
 
112 
 
120 
 
124 
 
126 
Total Atoms: 
P+D 128 128 128 128 128 128 128 
D/P Ratio 0 1 3 7 15 31 63 
Time since 
formation 
(millions of 
yrs) 
 
0 
 
704 
 
1408 
 
2112 
 
2816 
 
3520 
 
4224 
 
          
 
 
 
